Abstract Estimates of potential evapotranspiration (PET) and reference evapotranspiration (RET) were compared over the Mekong and Yellow river basins, representing humid and semi-arid Asian monsoon regions. Multiple regression relationships between monthly RET, PET, LAI (leaf area index) and climatic variables were explored for different vegetation types. Over the Mekong River basin, the spatial average of RET is only 1.7% lower than PET; however, RET is 140% higher than PET over parts of the Tibetan Plateau, due to the short and sparse grassland, and 30% lower than PET in parts of the lower basin due to the tall and well-developed forests. Over the Yellow River basin, RET is estimated to be higher than PET, on average about 50% higher across the whole basin, due to the generally sparse vegetation. A close linear relationship between annual RET and PET allows the establishment of a regional regression to predict monthly PET from monthly RET, climatic variables and/or vegetation LAI. However, the large prediction errors indicate that the Shuttleworth-Wallace (S-W) model, although it is more complex, should be recommended due to its more robust physical basis and because it successfully accounts for the effect of changing land surface conditions on PET. The limited available field data suggest that the S-W estimate may be more realistic. It was also found that vegetation conditions in summer are primarily controlled by the regional antecedent precipitation in the cold and dry seasons over the Loess Plateau in the middle reaches of the Yellow River.
INTRODUCTION
Potential evapotranspiration (PET) is generally considered to be the maximum rate of evaporation from vegetation-covered land surfaces when water is freely available, and is primarily determined
METHOD The FAO-56 Penman-Monteith equation
The P-M equation treats the vegetation canopy as a single uniform cover, or "big-leaf". Here, the standard P-M equation was applied to estimate evaporation of a hypothetical crop using the form recommended in FAO-56 (Allen et al., 1998) , referred to herein as reference evapotranspiration (RET, mm d where R n and G are the net radiation above vegetation and the soil heat flux, respectively (MJ m -2 d -1 ); e s and e a are the saturation and actual vapour pressures, respectively (kPa); T is the mean air temperature (°C); u 2 is the wind speed at 2 m height (m s -1 ); Δ is the curve slope of the relationship between saturation vapour pressure and air temperature (kPa °C -1 ); and γ is the psychrometric constant (kPa °C -1 ). The calculation of each term in equation (1) is given by Allen et al. (1998) .
Shuttleworth-Wallace equation
As an extension of the P-M equation, the S-W model considers dual sources, namely transpiration from vegetation and evaporation from underlying soil (Shuttleworth & Wallace, 1985) : ); and C c and C s are weighting coefficients as functions of resistances. The formulation of all terms in equation (2) Zhou et al. (2006 Zhou et al. ( , 2007 .
Vegetation leaf area index
The vegetation leaf area index (LAI) is used intensively in S-W parameterization. The LAI for each vegetation class can be derived from NOAA-AVHRR NDVI through FPAR (Myneni & Williams, 1994; Sellers et al., 1994; Andersen et al., 2002) . Here the SiB2 method is used (Sellers et al., 1996) : 
where SR is the simple ratio of hemispheric reflectance for the NIR (near-infrared) light to that for the visible light; FPAR is the fraction of photo-synthetically active radiation; F cl is the fraction of clumped vegetation; SR min and SR max are SR with 5% and 98% of NDVI population. The values of F cl , NDVI at 5% and 98% population are adopted from SiB2 for all vegetation types (NDVI at 5% setting to 0.039 globally, F cl and NDVI at 98%); FPAR min = 0.001 and FPAR max = 0.950 refer to the satellite-sensed NDVI saturation (Sellers et al., 1996) . LAI max is the maximum LAI when the vegetation develops fully, prescribed for each vegetation (cf. Zhou et al., 2006) .
STUDY REGION DESCRIPTION
The Mekong River (Fig. 1) is the longest river in Southeast Asia and the 12th longest river in the world, with a length of 4800 km, a drainage area of 805 604 km 2 (WRI et al., 2003) , and annual runoff of 475 × 10 9 m 3 . It originates on the Tibetan Plateau and flows southwards through China, Myanmar, Laos, Thailand, Cambodia and Vietnam, before it discharges into the South China Sea. The Upper Mekong River (1600 km, from the Tibetan Plateau to the Thailand-Myanmar border), called the Lancang River in China, drops rapidly by about 4500 m through a series of large mountain ranges. After exiting China and entering the Golden Triangle (an area of around 350 000 km 2 extending over four countries: Myanmar, Laos, Vietnam and Thailand), it is called the Lower Mekong River, having a gentler slope. The climate of the upper Mekong River basin is high-mountain cold with mean annual precipitation from about 300 mm at its source on the Tibetan Plateau to 1600 mm before it enters the Golden Triangle (Xi, 1988; Li et al., 2002) . The lower Mekong River is situated in the tropics and is dominated by two distinct monsoons: the southwest monsoon from the Indian Ocean from mid-May to mid-October with frequent rainfall, and the northeast monsoon from China from mid-October to April, with a dry spell. The mean annual rainfall in the lower Mekong River ranges from 1000 mm in northeast Thailand to more than 3200 mm in the mountainous regions in Laos (Kite, 2001) , and around 85-90% of the rain falls during the rainy season.
The Yellow River (Fig. 1) is the second longest river in China, with a length of 5464 km, draining an area of 794 712 km 2 , and with an annual runoff of 58 × 10 9 m 3 (Li, 2003) . The Yellow River is divided into upper (2119 km, from the source to Lanzhou), middle (2571 km, from Lanzhou to Zhengzhou) and lower (774 km, from Zhengzhou to the Bo Hai Sea) reaches. The upper reach winds around a series of large mountain ranges on the eastern Tibetan Plateau with a basin-average elevation of about 4000 m, falling more than 3300 m. Downstream of Lanzhou, the river makes a large northern loop through the alluvial plains and the Loess Plateau to Tongguan, picking up more than 90% of its silt load (3 kg m -3 at Lanzhou increasing to 35 kg m -3 at Tongguan). The lower reach is narrow and flows within levees and dikes which have been constructed over the past 2000 years. Sediment deposition from the highly erosive Loess Plateau has continuously increased the height of the river bed. In places, the river bed is 20 m above the surrounding land surface (McVicar et al., 2007a) . The Yellow River basin has an arid and semiarid continental monsoon climate. In the upper basin, the temperature is low throughout the year and depends on the elevation in a complicated way. In the middle basin, the temperature decreases from south to north and from east to west, and is affected by local mountains and deserts. In the lower basin, the climate is dry and windy in spring, hot and wet in summer, dry in autumn, and moderately cold and dry in winter. The annual precipitation is between 200 and 650 mm over the basin, being greater in the lower basin and in the southern portion of the upper and middle basins.
DATA SOURCES
In order to apply the P-M and S-W models, topographic data, characteristics of land cover and meteorological data are required.
Topographic data
The P-M and S-W equations use a digital elevation model (DEM) to calculate the values of atmospheric pressure, mean air density and psychrometric constant. The Hydro1K DEM was downloaded (http://lpdaac.usgs.gov/gtopo30/hydro/index.html) and clipped to the basins defined by manual digitization from the DCW (Digital Chart of the World) (http://www.maproom.psu. edu/dcw; Danko, 1992) . It is a DEM developed at the US Geological Survey (Earth Resources Observation System, EROS) (Verdin & Greenlee, 1996) . Original topography at 1-km resolution was averaged to a 8-km × 8-km grid, i.e. the same resolution as the normalized difference vegetation index (NDVI).
Land cover
The International Geosphere-Biosphere Programme (IGBP) land cover data set is used (http://edcwww.cr.usgs.gov/landdaac/glcc/glcc.html) (see Fig. 1 ). It was derived from 1-km AVHRR (Advanced Very High Resolution Radiometer) data spanning April 1992 to March 1993 (Loveland et al., 2000) . The IGBP categorizes the global land cover into 17 classes. To show the prevailing types, some minor land cover types are clustered into similar types in Fig. 1 . The original 1-km spatial resolution was aggregated to an 8-km grid according to the most common land cover, keeping the general spatial distribution.
NDVI data
Monthly NOAA-AVHRR maximum NDVI composite data at 8-km grid resolution (ftp://daac. gsfc.nasa.gov/data/avhrr/global_8km/; Tucker et al., 2005) was obtained from 13 July 1981 to 21 September 2001, except for a period with missing data from September to December 1994. The NDVI data for the basins were transferred into Lambert Azimuthal Equal Area projection. The monthly NDVI data are assumed to represent the value for the middle day of the month. The average monthly NDVI data from 1981 to 2000 are used during the period when data were missing.
Meteorological data
The required meteorological data include air temperature, relative humidity, radiation and wind speed. The CRU (Climate Research Unit, University of East Anglia, UK) TS 2.0 data set provides monthly time series of mean air temperature, diurnal air temperature range, cloud cover, and actual vapour pressure on a 0.5-× 0.5-degree grid (New et al., 1999 (New et al., , 2000 . The wind speed was mainly measured at 10 m height (New et al., 1999) . It should be emphasized that meteorological variables are topographically dependent. In estimation of RET and PET, the influence of topography should be taken into account (McVicar et al., 2007b) . In fact, the CRU TS 2.0 data set was interpolated as a function of latitude, longitude and elevation (TBASE 5-min lat-long global DEM at http://www.ngdc.noaa.gov/seg/topo/topo.shtml) from station data using thin-plate splines (Hutchinson, 1995) for the 1961-1990 climatic normals and angular distance-weighted for the monthly anomalies relative to the 1961-1990 mean in which the influence of elevation was ignored. The primary data variables used include mean air temperature and the diurnal air temperature range, which were constructed directly from station observations. The secondary variables used include cloud cover and vapour pressure, which were constructed by merging station observations (where available) with synthetic data derived from the gridded primary variables. In the synthetic data, cloud cover was related to the diurnal air temperature range, and the actual vapour pressure to the daily minimum air temperature (New et al., 2000) . This way of deriving the "secondary variables" was also proposed by McVicar & Jupp (1999) .
The 1961-1990 monthly mean wind speed data are used for the whole 1981-2000 simulation period, we acknowledge that changes in RET and PET due to recently reported decreases in terrestrial tropical and mid-latitude near-surface wind speeds (McVicar et al., 2008) need to be accounted for when considering longer temporal extents. The wind speed at the reference height (2 m height above the ground in FAO-56 and 2 m height above the vegetation canopy in S-W equation) is converted using a logarithmic profile over the weather station ground and canopy surface in that the internal boundary layer heights of both surfaces are matched and a step change in surface roughness is assumed (Brutsaert, 1982, pp. 59 and 167; Federer et al., 1996) .
All the climatic variables change significantly throughout the year and are non-uniformly distributed across the basins (figures not shown here). The CRU data sets were extracted for the basins and transferred into Lambert Azimuthal Equal Area projection at 8-km resolution without interpolation.
RESULTS AND DISCUSSION

Comparison of spatial distributions and interrelationships
The basin-average RET and PET, shown in Fig. 2 for the period 1981-2000, reflect a similar variability and trend in climate. About 70-80% of the inter-annual variability in basin-average PET can be explained by variations in climate (Fig. 3) , the remaining 20-30% being determined by vegetation diversity and dynamics which are incorporated in the S-W model but not in the FAO-56 P-M method. However, the spatial distributions of RET and PET are strikingly different (Fig. 4) . The RET reflects the three climatic patterns over the individual basins: upper, middle and lower. On the other hand, these climatic patterns are not so clearly displayed in the PET distribution, but the effect of vegetation is more obvious. Over the Tibetan Plateau of the Mekong River basin, where the actual vegetation of grassland has a lower LAI than the hypothetical reference crop, RET is higher than PET because a lower LAI means more uncovered soil surface and the soil surface resistance used in PET is much higher than the reference crop resistance (500 m s -1 vs 70 m s -1 , Zhou et al., 2006) . Over the Lower Mekong River basin where the large forest area has a higher LAI than the hypothetical reference crop, RET is lower than PET because a high LAI means that soil surface is covered well and the combined resistance of the forest and soil surface is small (high LAI reducing the bulk stomatal resistance of forest canopy significantly, cf. Zhou et al., 2006) . The vegetation phenology and LAI also affect the land surface albedo, hence R net . The estimate of RET is lower by 120 mm/year (or only 1.7%) than basin-averaged PET. Over the Yellow River basin, with few forests (Fig. 1 ) and short vegetation with lower LAI (due to water shortage), RET is much higher than PET, by 300 mm/year (or about 50%).
Three specific locations representing typical vegetation types were investigated in greater detail, namely, grass (Point 1), forest (Point 2) and crop (Point 3) (see Fig. 1 ). The year-to-year changes in both RET and PET are similar at the grass and forest points in the Mekong, and at all three points in the Yellow, i.e. when RET increases, in most cases PET also increases, and vice versa (see Fig. 2 ). But at the crop point over the Mekong, the variation of amplitude in annual PET is not so large as in annual RET during 1985 RET during -1996 , probably because the grass and forests are natural whereas the crop is also affected by irrigation, cultivation and human maintenance, with a heavy weight in the Mekong but a lower weight in the Yellow compared with the climate controls. However, the inter-annual changes are larger in PET than in RET at the three points in the Mekong, and at the grass and forest points in the Yellow. Possible explanations are that: (a) vegetation types amplified or diminished the climatic effects on PET (e.g. forest vs crop, or grass in the Tibetan Plateau vs crop); and (b) vegetation dynamics acting as a feedback forcing meteorological controls changed the climatic effects on PET (see the following section).
Implication of cyclical S-W estimates over Yellow River basin
The values of PET at the forest and crop points in the Yellow River basin change cyclically, driven by the seasonal precipitation effect on the vegetation development. To show this, the relationship between seasonal vegetation LAI and seasonal precipitation is analysed over a large area (i.e. the whole Loess Plateau in the middle reaches of Yellow River (Fig. 5 ) in order to avoid the fact that the point vegetation is easily affected by local and surrounding factors (e.g. runoff from neighbouring grids)). The forest point is located on the Loess Plateau and the crop point is close to the Loess Plateau. The vegetation LAI over the Loess Plateau in the middle Yellow River is estimated from NDVI data in equations (10)-(12). The regional average precipitation is calculated from the weather station observation (black points, Fig. 5 ) using the Thiessen polygon method. As shown in Fig. 6(c) , the point vegetation LAI in warm and wet seasons (LAI wet ) changes similarly to the Loess Plateau vegetation LAI wet but not exactly since the points are located in the south of the Plateau (more precipitation). Comparing LAI wet of the Loess Plateau in Fig. 6(c) with the precipitation in Fig. 6(d)-(f) , the vegetation LAI is not much related to the precipitation in the same period (P wet ) but is well related to the antecedent precipitation in cold and dry season (P dry ). The cold and dry season refers to October-April while the warm and wet season is MaySeptember. The regression R 2 is 0.5157 for LAI wet vs P dry ( Fig. 6(a) ), but 0.0228 for LAI wet vs P wet (Fig. 6(b) ). Comparing Fig. 6(c) with Fig. 6(d) , LAI wet and P dry have similar change trends, but LAI wet and P wet (or P wet + P dry ) do not have this close relationship (Fig. 6(c) vs Fig. 6(e) , or Fig. 6(c) vs Fig. 6(f) ). Such a relationship can only be explained as follows: due to low potential evapo- transpiration in the dry and cold season, most of precipitation infiltrates in favour of seed germination and new bud development in spring; whereas in the warm and rainy season, with intense rainfall and the crusted loess soil, most of the precipitation load flushes into the rivers and the little infiltration is consumed quickly by the strong potential evapotranspiration. Table 1 shows that: average values of LAI wet for 1980s and 1990s were similar because P dry was almost the same although P wet was different. Figure 6 (c) and (d) and Table 1 show specific years with dry or wet winters. In 1982 In , 1985 , with a dry antecedent winter, P dry was below 80 mm and LAI wet was very low; whereas in the years 1984, 1990, 1994 and 1998 , with a wet antecedent winter, P dry was larger than 110 mm and LAI wet was high. Precipitation in winter (P dry ) primarily controls vegetation conditions in summer. Precipitation in summer (P wet ) is a secondary controlling factor, e.g. in 1985 LAI wet was a little higher due to high P wet despite low P dry in this dry-winter year, and in 1994 LAI wet was a little lower due to low P wet despite high P dry in this wet-winter year. High LAI translates into high PET. Over the middle Yellow River basin, vegetation LAI is higher only in summer, while in winter, it is very low.
Empirical relationship between FAO-56 P-M and S-W
The use of the FAO-56 method is simpler, and the relation between annual RET and PET is linear over the basins and at the selected points. This encourages a search for a relationship between monthly RET and PET using a more robust statistical analysis. In addition to the vegetation type, the LAI is the only factor used in the S-W model but not used in the FAO-56 method. A multiple regression analysis (SPSS software) was made by categorizing the vegetation types. Because the power function was found to have good R 2 for all land covers and it satisfies PET = 0 when RET = 0, the dependent variable was used as ln(PET) and the independent variables were: IGBP land cover, ln(RET), LAI and CRU climatic variables. In order to reduce the amount of data but not lose their statistical attributes, not all cell data of these variables were used but were randomly sampled for regression analysis over the individual basins. Of all the climatic variables, only use of monthly precipitation and daily mean temperature in the Mekong River basin, and use of daily mean temperature in the Yellow River basin noticeably improved the value of R 2 in the regression. Other variables gave only marginal improvement. A linear relationship describes the trend between LAI and ln(PET) in the Mekong River basin, e.g. in the case of vegetation Group V (Fig. 7(a) ). In the Yellow River basin, this relationship seems to be a combination of linear and power functions of LAI, e.g. in the case of vegetation Group III (Fig. 7(b) ). The numbers in the legend brackets in Fig. 7 are the data amount sampled in the individual basins during 1981-2000 (also see "Samples" column for the same vegetation groups in Table 2 ). The regression was made by incorporating LAI in the Mekong and a combination of LAI and LAI c in the Yellow, where c was determined by applying the SPSS "Nonlinear Regression" procedure with a function of ln(PET) = a + b × LAI c for each group. The multiple regression results are listed in Table 2 . The prediction errors, equal to {(PET predicted from the regression relationship between PET vs RET and/or other variables) -(PET estimated using the S-W model)}/(PET estimated using the S-W model) are shown in Fig. 7(c) for January-December in randomly selected years between 1981 and 2000 when NDVI data are available. Generally, by incorporating LAI, the quality of the prediction is improved, but large errors persist which are unrelated to LAI. We were unable to fit a good function to account for the strongly nonlinear relationship between PET and LAI and found no accurate statistical relationship between PET and RET.
Limited validation of S-W estimates with available field data
Nobuhiro et al. (2008) measured the evapotranspiration in the O Thom I watershed of the Mekong River basin in Cambodia, where the vegetation is a relatively undisturbed evergreen broadleaf forest with mean and maximum tree heights of 27.2 and 45.1 m, respectively. By using the heat balance method (incorporating the Bowen ratio) (Hattori, 1985) , the average daily evapotranspiration was estimated to be 4. for the whole year. Obviously, compared to the estimates of RET, the estimates of PET are closer to the field measurement. The Yellow River basin is located in a semi-arid region. It is difficult to find a watershed where the LAI of the vegetation cover is at a high level and soil moisture approaches field capacity for a period long enough to carry out an experiment for potential evapotranspiration measurement. Even though there is heavy rainfall (high intensity in a short time) in summer (McVicar et al., 2007b) , most of it flushes into the rivers as surface flow and the low infiltration is quickly exhausted by the high potential evapotranspiration. However, at the crop point (Point 3), the largest annual PET estimated from the S-W model corresponds to the most severe drought year in the last century (OSFCDRH and NWRHI, 1997) .
Another way to validate the estimate of PET is by applying the water balance equation to a wet basin, i.e. Q P ET − = , where all elements are basin-averaged annual values (Donohue et al., 2007) . When the basin is wet, the environment is energy-limited and ET can represent PET. However, our database is not sufficient to support this analysis.
CONCLUSIONS
This study provides estimates of potential evapotranspiration as inputs to drive hydrological modelling of large river basins in poorly monitored or ungauged regions. The estimates of RET and PET over the Mekong and Yellow River basins are spatially very different. The estimate of FAO-56 P-M is a good integrated climatic index which is able to reflect the temporal changes and spatial distribution of climate, and the S-W estimate reflects the climate variability and the vegetation distribution and development. Preliminary investigation into the relationship between FAO-56 P-M and S-W estimates suggest that developing an empirical relationship between them may be worthwhile. Large predictive errors exist because of the strong nonlinearity and scatter between PET and the LAI of the vegetation.
Available relevant field data are very scarce, and the only available data suggest that the S-W estimate may be more realistic. Consequently, use of the S-W model, albeit more complex, is recommended because of its more robust physical basis, and because it successfully accounts for the effect of changing land surface conditions on PET. The estimated PET derived in this manner can be used to provide a direct input to hydrological models without the need to use empirical pan or crop coefficients, which would be required if pan evaporation or RET were used.
It was found that vegetation condition in summer is primarily controlled by the regional antecedent precipitation in the preceding cold and dry season over the Loess Plateau in the middle reaches of the Yellow River.
